Due to the increasing competition on the chemical power sources market, lead-acid batteries must improve their parameters and functionality. A modification of electrolyte composition is suggested in the presented paper for better corrosion inhibition and enhancement of the stability of the sulfuric acidbased electrolyte during charging process. Ten quaternary ammonium-based ionic liquids have been employed as additives to electrolyte. The differences between used compounds have been based on different types of anion in the molecule (sulfate and bisulfate) and the length of the substituent incorporated in the cation. The electrochemical window of the electrolyte in terms of onset potentials of hydrogen and oxygen evolution reactions, corrosion potential, corrosion current density and polarization resistance of the alloy in case of corrosion have been the parameters evaluated based on the undertaken experiments. It has been noted that the length of the side chain in the molecule has a great impact on the final properties of ionic liquids. Experiments have shown that hexadecyltrimethylammonium-based ionic liquids contributed to the most visible improvement in comparison to the other compounds. Significance of the anion in the molecule has been also observed, bisulfate anion appeared to be beneficial for the overall performance of the lead-calcium-tin alloy electrode.
INTRODUCTION
Lead-acid battery was invented over 150 years ago by the French physicist Gaston Planté. It exhibits appropriate electrochemical properties and ensures satisfying reliability which makes it a perfect device for SLI (starting, lighting, ignition) battery application. Despite the fact that they are known for a long time and are successful in the industry as well as on the chemical power sources market, lead-acid batteries possess some disadvantages and can suffer from several major problems. One of the biggest difficulties in case of lead-acid batteries is corrosion of current collectors (grids).
Corrosion of current collectors, next to sulfation of the electrode and softening along with shedding of the positive active mass, is the most common cause of the lead-acid batteries failure [1, 2] . This makes corrosion of lead-acid battery current collectors a research topic which cannot be ignored in following years by researchers as well as by manufacturers. Observation of the anodic excursion peak is among new methods of measuring the corrosion rate [3, 4] .
One of the methods to reduce the corrosion rate in lead-acid batteries is to alloy the lead with other metals to improve the corrosion resistance of the grid. Many types of new alloys were tested in terms of improvement of that specific property, e.g. tin [5] , silver [6, 7] , bismuth [7, 8] or even rare earth metals [9] [10] [11] [12] [13] . This approach yields very good results, furthermore, its impact on the technology is acceptable and limited mostly to melting adequate amounts of needed components and casting of the liquid alloy. However, its use is often limited by the high cost of the required alloying elements. Incorporation of corrosion inhibitors to electrolyte of the lead-acid battery seemed to be less demanding.
Many compounds were tested as potential corrosion inhibitors of lead alloys in sulfuric acid solutions, such as phosphoric acid [14, 15] , boric acid [15] or several amino acids [16, 17] . Ionic liquids are a new type of compounds which gathered scientific attention in a variety of fields. Ionic liquids found many applications in modern chemistry due to their exceptional properties such as being designer solvents, good thermal and electrochemical stability and negligible vapour pressure [18] . They can be also used in lead-acid battery application [19] [20] [21] [22] . They extend the electrochemical stability of electrolyte, hinder the corrosion of lead alloys and increase the discharge capacity of leadacid cells.
In this study, the influence of bisulfate and sulfate quaternary ammonium salts on corrosion of lead-calcium-tin alloy was presented. The mentioned Pb-Ca-Sn alloy is used during large scale production of the current collectors in lead-acid batteries. The purpose of the presented work was to correlate the length of the substituent and the type of anion in the molecule with the influence of the used compound on the stability of the electrolyte for lead-acid battery and the corrosion intensity of the lead alloy.
EXPERIMENTAL

Synthesis of ionic liquids
Materials used for the synthesis of specific ionic liquids were: sulfuric acid (98%), hexyltrimethylammonium bromide (min. 98%), dodecyltrimethylammonium (min. 98%), hexadecyltrimethylammonium (min. 98%), trimethyloctadecylammonium (min. 95%) and docosyltrimethylammonium (90%) chlorides, which were acquired from Merck. Potassium hydroxide (min. 99%) and all solvents (methanol, 2-propanol, DMSO, acetonitrile, acetone, ethyl acetate, chloroform, toluene and hexane) were delivered by Avantor Performance Materials. All chemicals were used as obtained, without purifying.
The syntheses were performed as follows: 0.01 mol of quaternary chloride was dissolved in 30 mL of 2-propanol and then 0.01 mol of potassium hydroxide in 2-propanol was added. The reagents were mixed for 15 minutes. The precipitated inorganic salt was filtered off and stoichiometric amount of concentrated sulfuric acid was slowly added to the solution containing 0.005 mol of the quaternary hydroxide to obtain specific sulfates and 0.01 mol to obtain quaternary bisulfates. The solvent and water formed as by-products were then evaporated and the products were dried under vacuum at 60 o C.
The structural formulas of the synthesized ionic liquids with their abbreviations used in the text were showed in Table 1 . 
Elemental ICP analysis
Elemental ICP analysis of lead-calcium-tin alloy was performed using AGILENT 725 ES ICP Optical Emission Spectrometer.
Electrochemical examination
All electrochemical measurements were performed in the 3-electrode set-up in the cylindrical vessel, where lead-calcium-tin alloy was used as a working electrode, counter electrode was made of lead (99%) and reference electrode was mercury/mercurous sulfate in 1M sulfuric acid (Hg|Hg 2 SO 4 in 1M H 2 SO 4 ). To release gaseous products from the electrochemical cell, ventilation holes were located in the top lid of the vessel. Working and counter electrode materials were supplied by AutoPart Company (Mielec, Poland) in the form of wide straps, prepared for further processing by expanded metal method. The working electrode was disk-shaped with the surface area equal to 4.5 cm 2 . The surface area of the counter electrode was two times greater to provide effective charge transfer. Before each experiment, the surfaces of the working and counter electrodes were mechanically polished with wet sandpaper grade P2500. The electrolyte for electrochemical measurements was 37 wt.% sulfuric acid solution prepared by dilution of 98 wt.% H 2 SO 4 (Merck) with distilled water with addition of 5 mg cm −3 of the respective ionic liquid. Reference electrolyte, without ILs, was also tested to analyse the initial corrosion parameters of used Pb-Ca-Sn alloy. Electrochemical stability of the electrolyte was studied using linear sweep voltammetry technique (LSV) at a scan rate of 10 mV s −1 .
Corrosion measurements of the alloy in all of the electrolytes were a combination of electrochemical impedance spectroscopy (EIS) and linear sweep voltammetry (LSV). EIS was carried out within a frequency range from 50 mHz to 10 kHz at open circuit voltage (OCV) with amplitude 7 mV RMS. The LSV measurements were conducted at a scan rate equal to 0. 
RESULTS AND DISCUSSION
Elemental analysis and NMR spectroscopy results
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Thermal analysis results
Transition temperatures of the synthesized compounds were presented in 
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Composition of the used lead-calcium-tin alloy was as follows: 98.928 wt.% of Pb, 0.073 wt.% of Ca, 0.976 wt.% of Sn, other elements comprised 0.023 wt.% of the sample. The presented values confirmed that the material for current collectors comprises the standard of a lead-based alloy for the use in the automotive industry.
Electrochemical study
The study of the electrochemical stability of electrolytes with and without bisulfate ionic liquids (Fig. 1) revealed that changes in oxygen evolution reaction (OER) potential were negligible. In all the cases, the shift did not exceed 10 mV. On the other hand, great differences can be observed for the hydrogen evolution reaction (HER) potentials. With increasing length of side chain in order C6HSO4, C12HSO4, C16HSO4, there is a shift to more negative values of the HER potential by 50 mV, 152 mV and 176 mV, respectively. With further increase of side chain length, changes in the HER potential were smaller and reached 118 mV for C18HSO4 and 96 mV for C22HSO4. Addition of the best studied bisulfate ionic liquid, C16HSO4, allowed to extend the electrochemical window by 186 mV in total. In all cases peaks from oxidation of lead to lead sulfate and reduction of lead sulfate to lead near potential equal to −1.0 V (vs. Hg|Hg 2 SO 4 in 1M H 2 SO 4 ) were visible. Additionally, there were no other peaks suggesting ionic liquid decomposition. The results referring to the stability of electrolytes containing a small addition of ionic liquids with the sulfate anion (Fig. 2) , depict similar dependencies in case of HER as that of ILs with the bisulfate anion. This type of ionic liquids had a greater impact on the oxygen evolution reaction potentials. Only electrolyte marked C16SO4 had higher oxygen evolution reaction potential than the electrolyte without any additions. Potential of this reaction was changed by 22 mV. Electrolytes with the addition of C6SO4, C12SO4, C18SO4 and C22SO4 had a less positive OER potential than the reference electrolyte by 39 mV, 21 mV, 75 mV and 63 mV, respectively. Hydrogen evolution reaction potential of electrolytes with sulfate ionic liquids was shifted to more negative values in a manner similar to bisulfate ionic liquids. The highest shift was observed for C16SO4 as an electrolyte addition. The HER potential of this compound was changed by 184 mV which resulted in the highest overall increase of the electrochemical stability among all the examined ionic liquids (by 206 mV). For C6SO4, C12SO4, C18SO4 and C22SO4 additions, the HER potential was shifted by 5 mV, 41 mV, 123 mV and 54 mV, respectively. Similarly to the bisulfate ionic liquid additions, formation of two peaks coming from lead/lead sulfate redox couple was visible around potential −1.0 V (vs. Hg|Hg 2 SO 4 in 1M H 2 SO 4 ). Also, no other peaks from ionic decomposition can be seen. Tafel plots obtained for the lead-based alloy immersed in the electrolytes which contained bisulfate ionic liquids were presented in Fig. 3 . Corrosion parameters of examined systems containing bisulfate ILs were collected in Table 3 .
Linear sweep voltammetry measurements showed that in comparison to the reference system, a significant decrease of corrosion current as well as shift of corrosion potential to more positive values of the working electrode can be seen in almost all examined electrolytes with bisulfate ionic liquid addition. This indicates that a layer of ionic liquid molecules adsorbed on the surface of the alloy. Moreover, this occurrence contributed to the inhibition of the corrosion process of the lead alloy, however, it did not affect the reactions which occur on the electrode. This adsorption was most effective for C16HSO4, decreasing the corrosion current by approx. 1000 times and moving the corrosion potential by around 400 mV in the direction of the positive values. Used software enabled also to evaluate the values of anodic and cathodic Tafel slopes b a and b c . It could be observed, that anodic slopes alloy showed greater values in the electrolytes, where corrosion of the lead-based alloy was inhibited by the influence of the additive. On the other hand, the values of the cathodic slope decreased along with the corrosion current density.
Linear sweep voltammetry measurements of corrosion process of the PbCaSn working electrode in electrolytes containing sulfate ionic liquids are presented in Fig. 4 . Corrosion parameters of examined systems containing sulfate ILs are collected in Table 4 .
Similar corrosion inhibition behaviour as in bisulfate ionic liquids was observed. Additionally, for this group of examined compounds an adsorbed layer made of organic particles decreased the corrosion current and shifted the corrosion potential towards more positive values. The highest corrosion intensity was observed, similarly to bisulfate ILs, in the system containing ionic liquid with side chain of sixteen carbon atoms − C16SO4. In case of this compound, corrosion current decreased by over 1000 times and corrosion potential was shifted by 294 mV to more positive values in the comparison to the reference system. The values of anodic and cathodic Tafel slopes tended to change accordingly to the corrosion behaviour of the electrochemical systems. The value of the anodic slopes tended to rise when corrosion inhibition of the alloy increased, while cathodic slope seemed to decrease when corrosion current density, thus the corrosion rate, was lower. figure 6 represent Bode plots obtained based on the electrochemical impedance measurements for the lead-calcium-tin alloy immersed in electrolyte containing bisulfate and sulfate ionic liquids, respectively. After five hours in open circuit conditions, the polarization resistance increased. This could be attributed to the appearance of an additional layer which forms on the surface of the electrode. The highest polarization resistance can be observed for electrolytes with additives marked C16HSO4 and C16SO4. This experiment confirmed the best corrosion inhibition properties of ionic liquids with sixteen carbon atoms in substituent aliphatic chain. First time constant is associated with the charge transfer process, while the second is associated with the diffusion trough the freshly formed layer.
The obtained results indicate good anticorrosion properties of the modified electrochemical systems as well as extension of the electrochemical window of the electrolyte with an addition of selected ionic liquids. Similar results concerning the formation of a stable layer on the surface of PbCa-Sb electrode was previously reported for polymeric ionic liquids in sulfuric acid solutions [21, 22] . Results reported in this study are more promising. The decrease of corrosion current is similar to the one obtained for electrolytes with polymeric ionic liquids, nevertheless, the shift of corrosion potential to the more positive values after the addition of C16HSO4 or C16SO4 compounds can be observed. The observed effect of shift of hydrogen and oxygen evolution reactions potential on the lead-alloy electrodes was also reported for other bisulfate ionic liquids [24, 25] . Moreover, similar effect was observed for ionic liquids with an imidazolium cation as well [20] . Ionic liquids are known for its anticorrosion properties. An addition of 1-ethyl-3-methylimidazolium-based ionic liquids to an acidic electrolyte in amount similar to the proposed one caused the decrease of the oxygen evolution potential on the surface of an lead alloy electrode by 7 to 25 mV. Moreover, it shifted the corrosion potential by only around 30 mV and decreased corrosion current by almost 50% [26] .
Application of hexadecyltrimethylammonium-based ionic liquids in presented study made obtained results exceptionally prominent. Some amino acids also exhibit corrosion inhibition properties towards lead alloys for lead-acid battery production [27] . Large increase of polarization resistance was obtained for tryptophane additive which contributed to the decrease of corrosion rate. The highest inhibition efficiency referring to the electrochemical polarization measurements was around 63%. Heteroatoms such as nitrogen in the structure of applied compound significantly increase the inhibition efficiency. Nevertheless, the results obtained by addition of ionic liquids are superior in comparison to amino acids.
Compounds with amphiphilic properties also supress the corrosion of lead based alloys [28] . Addition of different surfactants to acidic electrolyte reduces corrosion current by 63−72% and similarly to ionic liquids influences the cathodic and anodic Tafel slopes. This kind of compounds also increases the hydrogen and oxygen evolution potentials. Adsorption of long alkyl chains of SDBS or SDS shows good anticorrosion properties. Similar construction has examined ionic liquids. Sodium sulfate added in appropriate concentration to sulfuric acid electrolyte shift hydrogen evolution reaction on lead electrodes to more negative values. This can result in reduction of electrolyte decomposition and lower the self-discharge of battery [29] .
The outcome of the undertaken research suggest, that ionic liquids presented in this study combined the properties originated from heteroatoms, long alkyl chain and sulfate ions which in consequence resulted in a good inhibition of corrosion process of lead alloy-calcium-tin alloy in sulfuric acid solution.
CONCLUSIONS
In the presented study ten new ionic liquids were tested in terms of corrosion inhibition properties as well as hydrogen and oxygen evolution reaction potential shift on lead-calcium-tin alloy submerged in sulfuric acid solution. Ionic liquids used in the experiments differed in terms of the anion and the length of alkyl substituent in cation. It was observed that corrosion parameters change after prolonged immersion time of the electrode in examined electrolyte. Experiments revealed that the best inhibition properties as well as the broadest electrochemical window can be achieved when hexadecyltrimethylammonium bisulfate is added as an electrolyte modifier. Ionic liquids with sulfate anion had a lower impact on those two parameters. This may be attributed to a less acidic character of the anion. Corrosion current density decreased with increase of the side chain length up to sixteen carbon atoms. In the medium with longer substituent, this parameter started increasing again to higher values. This phenomenon was observed for both bisulfate and sulfate ionic liquids. Electrochemical impedance spectroscopy measurements showed that in thermodynamically stable conditions, after submerging electrode in electrolyte for five hours, adhesive layer of ionic liquid is formed on the surface of electrode. The thickest layer was observed for hexadecyltrimethylammonium bisulfate, which explains the best corrosion inhibition parameters of this specific electrolyte additive.
